Abstract
Introduction
The progression of many diseases can be altered in the case of co-infection with different pathogens [1] . Some of the current research in the world considers the impact of helminth infections on the shaping of the immune response and protection of the infected host not only against reinfection, but also against other irrelevant diseases [2, 3] .
It has been experimentally demonstrated that helminths could provide the protection or ameliorate the clinical signs of a number of diseases, such as autoimmune diseases [4] [5] [6] , allergic inflammation [7] [8] [9] , and even tumours [10, 11] . Among the other functions, products of helminth parasites have the capacity to modify signal transduction, resulting either in the host cell proliferation or cell death [12] [13] [14] . These kinds of modifications are observed in cancer cells in cases when tumours and parasite infection coincide or even more when the infection precedes tumour induction [15] . Antitumor effects have been described for infections with some parasites, like Toxoplasma gondii [16] , Trypanosoma cruzi [17] , and Plasmodium yoelli [18] . Among other parasites, Trichinella spiralis (T. spiralis) has been recognised as a helminth that can negatively influence tumour growth and prolong the life span of the host [19, 20] . Unfortunately, since these first findings about the potential of Trichinella spp. to affect tumour development, little has been done in this field of research. Only recently it was shown that T. spiralis infection, as well as treatment of mice with a mixture of crude extracts from T. spiralis adult parasites and newborn larvae, can slow down or even inhibit the progression of tumours induced by different tumour cell lines [10] . The same group of authors have found that adult crude extract had an in vitro anti-proliferative effect on the hepatoma cell line H7402. Based on these observations, the authors concluded that T. spiralis possesses powerful anti-tumour capacity. In further studies, Wang et al. [11] constructed a T7 phage display cDNA library of T. spiralis and showed that one recombinant protein, A200711, has a pro-apoptotic effect on the H7402 cell line, and hence it was proposed as a therapeutic agent in hepatocellular carcinoma treatment. Recently, it has been demonstrated on an in vivo model system of B16-F10 melanoma in mice that T. spiralis infection is a potent reducer of tumour growth and metastasis [15] .
Melanoma is the most aggressive form of skin cancer. This tumour is mostly resistant to conventional chemotherapy, which implicates a bad prognosis for patients in the advanced stage of the disease [21, 22] . The resistance of melanoma cells is a consequence of their low potential for spontaneous apoptosis in vivo and resistance to its induction by different medicines in vitro [23, 24] . Investigations of substances that can affect the apoptotic process in melanoma would be a valuable contribution to finding new therapeutic approaches for this disease. From the modest level of data available in the field it appears that all three stages of T. spiralis life cycle contain components that are able to control malignancy [10, 15, 19] . On the other hand, it was shown that this parasite could tame autoimmune disease [6] , implying the involvement of completely different mechanisms that create a tolerogenic environment [25, 26] . For the purpose of resolving this enigma, we have started an investigation of the influence of chronic T. spiralis infection in vivo or muscle larvae excretory-secretory (ES L1) products in vitro on melanoma cells expansion and cell death. Infection with T. spiralis strongly restrained the growth of the tumour. The mechanisms that this parasite uses to control tumour growth might include apoptosis and/or necrosis. This study, for the first time, demonstrated that in chronic T. spiralis infection there is a very limited process of necrosis inside the slow-growing tumour tissue compared to infection independent tumour development in control animals and that ES L1 antigen inhibits proliferation and enhances the apoptosis of melanoma cells in vitro.
Material and methods

Animals and parasites
C57BL/6 mice were bred and housed at the Military Medical Academy in Belgrade. All animal experiments were performed according to institutional guidelines, with age and sex-matched animals. C57BL/6 mice, 8-12 weeks old, were submitted to the oral infection with 200 T. spiralis muscle larvae. Forty days after infection, the tumour cells (B16 melanoma) were administered subcutaneously in the right hip, at 5 × 10 5 cells/mouse, in 200 µl of phosphate buffer. During the period of 25 days after the tumour cell application, the mice were monitored daily and checked for tumour development, and on days 10, 13, 15, 18, 21, and 25 the tumour size was measured over the skin (with a micrometer) and the volume was determined. The volume was calculated using the formula V = 0.52 × a × b 2 , where a is the long axis, and b is the short axis. Non-infected animals with subcutaneously applied B16 melanoma cells were used as controls. Animals were sacrificed and tumours were removed and measured after 15 and 25 days of tumour application.
Trichinella spiralis strain (ISS 161) was maintained by passage in Wistar rats. Parasites were recovered from infected Wistar rats by digestion of the carcasses in prewarmed gastric juice [27] . Muscle larvae were kept under controlled conditions (37°C, 5% CO 2 ) in complete Dulbecco modified Eagle medium (DMEM) (Sigma), for 18 hours. Excretory-secretory products of the muscle larvae (ES L1) were obtained by dialysis and concentration of culture supernatants (Amicon ultrafiltration cell, Millipore, USA).
Histological analyses of tumour tissue
Infected and non-infected mice that received B16 melanoma cells were sacrificed on day 15 and 25 after B16 cells application. Tumours, along with the surrounding tissue, were extracted, fixed in buffered formalin, paraffin embedded, and cut into 5-µm-thick tissue sections. Sections were stained by haematoxylin and eosin (H&E), and analysed on an Olympus BX50 light microscope. Pictures were taken with an Olympus DP70 digital camera using the Olympus Cell^B program.
Analysis of pictures taken from H&E slides was done using ImageJ software. Surface of necrotic area(s) and whole tumour were measured and compared. The amount of tumour necrosis was expressed as a percentage of necrotic tissue in the tumour. The degree of apoptosis was determined by TUNEL staining (terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling) using an apoptosis detection kit (Tumor TACS in situ apoptosis kit, R&D, USA). Sections of paraffin embedded tumour tissue were stained according to the manufacturer's instructions. Each field was randomly selected without significant necrosis in 10 high-power fields (400× magnification) for counting TUNEL-positive cells. The index of TUNEL was calculated as a percentage of the cells with brown nuclei within the number of the total nuclei in the section.
Inflammation in and around necrosis was scored as follows: 0 -no inflammation, 1 -rare inflammation foci in and/or around necrosis, 2 -inflammation incompletely surrounds necrosis and rare inflammation foci out of it, and 3 -inflammation completely surrounding necrosis and out of necrosis either in the foci or seamless.
Melanoma cell cultivation with ES L1 antigen
Mouse (B16) melanoma cells were cultivated in culture flasks in RPMI 1640 medium (Lonza, Belgium) supplemented with 10% of foetal calf serum (FCS) (Sigma, Germany), at 37°C with 5% CO 2 .
The A method for determination of cell survival using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
The test for determination of cell survival was performed by adding 10 µl/well of MTT (5 mg/ml in PBS containing 10% FCS) in 96-well plates with 2 × 10 3 cells/well. Staining with MTT lasted for 4 hours at 37°C, and the reaction was stopped by adding 1% SDS. After 6 more hours in the incubator, the absorbance at 570 nm was measured using a Victor multi-plate reader (PerkinElmer, USA). This absorbance correlated with the number of living cells in the sample, and it was expressed as a percentage as S% (S% = (N/Nk) × 100). In order to calculate the S% value, the absorbance of the treated sample was divided with the absorbance of the un-treated sample and multiplied by 100. The obtained values for cell survival were put in the chart in the function of applied ES L1 concentrations. The mean effective concentration (IC 50 ) was estimated from the chart as the concentration of agent that reduces the survival to 50% in comparison with the control sample. All experiments were performed in triplicate.
Measurement of cell apoptosis in vitro
Melanoma cells were cultivated with different concentrations of ES L1 antigen (0-200 µg/ml) and after 48 and 72 hours of incubation, treated and un-treated cells were harvested and the level of apoptosis was determined. Induction of apoptosis was detected by staining the cells with annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI). For this purpose, the commercial annexin V-FITC/PI apoptosis assay kit (R&D, USA) was used according the manufacturer's instructions. Samples were evaluated on an EPICS -XL -MCL flow cytometer, and data were analysed with FlowJo software (TreeStar, Ashland, OR). Fluorescein isothiocyanate-positive cells were classified as early apoptotic cells and FITC-and PI-double-positive cells were considered as late apoptotic cells. All experiments were performed in triplicate.
The apoptotic pathway was investigated by the application of caspase -3, -8, and -9 inhibitors. B16 cells were pre-treated with inhibitors of caspase -3, -8, and -9 (R&D, USA) according to the manufacturer's instructions. In the next step, cells were treated with ES L1 antigen, and after incubation they were stained with PI (Sigma, Germany) in a final concentration of 100 µg/ml. The percentage of apoptosis was determined using flow cytometry.
Statistical analysis
Statistical comparisons between groups were made using the Student's unpaired or paired t-test and the Mann-Whitney test. The results are presented as mean ± SEM. Differences with probability (p) values less than 0.05 were considered statistically significant.
Results
Chronic infection with Trichinella spiralis inhibits tumour development
In the group of mice where the chronic Trichinella infection was established, 7 out of 10 mice developed tumours, which indicated that the infection could prevent tumour appearance. In infected animals that developed tumours, the tumour growth was slower and consequently the tumour size was reduced compared to controls (Fig. 1) . The difference in tumour size between groups was statistically significant starting from day 15 of the experiment. Inhibition of melanoma growth in T. spiralis infected mice was confirmed by direct measuring of tumour tissue isolated from sacrificed animals on day 15 and day 25 after the application of tumour cells. Determination of isolated tumour volumes showed significantly lower values (p < 0.001) in infected mice compared to the values observed in control animals (Fig. 2) , respectively. The obtained data emphasise strong impact of T. spiralis infection on tumour development, since the final volumes of extracted tumours were 8-10 times lower than in the control group.
Trichinella spiralis controls necrosis and inflammation in the early phase of tumour development
In the T. spiralis infected group of animals, the size of necrotic surfaces in tumour tissue was significantly lower compared to the control group at both examination time points (p < 0.001) (Fig. 3) . On day 15 the degree of tumour necrosis in infected mice was 7.8 ±1.50% compared to 27.8 ±3.70% in the control group, while on day 25 the degree of tumour necrosis in infected mice was 40.1 ±1.80% compared to 54.0 ±2.50% in the control group.
Inflammation, which normally accompanies tumour necrosis, was lower only on day 15 in tumours extracted from infected animals (score 1) compared to the control group (score 2). On day 25 after tumour induction, inflammatory infiltrates had similar sizes in tumours from T. spiralis-infected and non-infected animals (score 2 in both cases). At both time points, infiltrates in tumours from infected animals consisted mainly of mononuclear cells, while in tumours from non-infected animals they contained both mononuclears and polymorphonuclears. In infected animals, inflammation was first located inside necrotic fields (day 15), while later it was found around them (day 25). In control animals, inflammation remained located in and out of necrotic fields during the whole course of the experiment (Fig. 4) .
Trichinella spiralis infection induces low levels of apoptosis in vivo
To analyse whether T. spiralis infection induced apoptosis, TUNEL assay was performed on tumour sections. Results obtained by microscopic examination of TUNEL-stained sections (day 15 after tumour induction) revealed significantly higher numbers (p < 0.001) of apoptotic cells in tumours extracted from T. spiralis-infected animals (5.4 ±0.81%) compared to the control group (3.3 ±1.56%) (Fig. 5) . The number of apoptotic cells in tumours extracted from T. spiralis infected animals 25 days after tumour induction was higher than in the control group (2.0 ±0.55% vs. 1.4 ±0.24%), but the difference was not statistically significant (data not shown).
Trichinella spiralis ES L1 antigen inhibits the survival and induces mild apoptosis of melanoma cells in vitro
In parallel with the examination of the effect of T. spiralis infection on melanoma development, we monitored the impact of ES L1 products on the viability and apoptosis of mouse (B16) melanoma cells in vitro.
After the incubation of mouse (B16) melanoma cells with T. spiralis ES L1 antigen, analysis of cell survival was performed by MTT method. The obtained results demonstrated that ES L1 antigen can inhibit cell survival, starting from the concentration of 100 µg/ml. Concentrations of 100 and 200 µg/ml of ES L1 antigen induced statistically significant inhibition of cell survival (p < 0.01 for 100 µg/ ml, p < 0.001 for 200 µg/ml). IC 50 could not be calculated, but the dose of 200 µg/ml of ES L1 antigen decreased the survival of malignant cells to 65.3 ±3.0% (Fig. 6) . ES L1 antigens did not affect the survival of healthy cells (fibroblasts of green monkey, cell line COS-7) even if ap- Microscopic observation of the tumour cell line in the culture plates indicated reduced density and outspread as well as slightly modified morphology of cells that were subjected to the treatment with ES L1 antigen, reflected in the shortened diameter and tendency of cells to de-attach (Fig. 7) .
Analysis of apoptosis induced by incubation of B16 melanoma cells with ES L1 antigen revealed that ES L1 antigens applied in concentrations of 100 and 200 µg/ml induced statistically significant apoptosis (p < 0.01) of mouse melanoma cells (Fig. 8A) . This effect was time dependent (p < 0.01, 
Trichinella spiralis ES L1 antigen induces activation of outer caspase-dependent apoptotic pathway
The apoptosis of melanoma cells, pre-treated with inhibitors of caspase-3, -8, and -9, and afterwards incubated The obtained values of apoptosis correspond to those observed in control cells cultivated only in medium (10.2 ±0.40%). Pre-treatment with inhibitor of caspase -9 mildly reduced the percentage of ES L1-induced apoptosis, but the reduction was not statistically significant (Fig. 9 ).
Discussion
Conventional methods aimed to reduce malignancies encompass chemotherapy, radiotherapy, and surgery. These approaches have limited success, and some new therapeutic strategies to supplement the conventional treatment have been explored. It has been observed that chemo-and radiotherapy cannot affect cancer stem cells (CSCs), which present the origination of tumour growth [28] , so it appears that the strategy for tumour eradication should include targeting these cells. A variety of experimental models covering the development of dendritic cell (DC)-based vaccines, adoptive transfer of tumour specific T cells, and monoclonal antibodies aimed to eliminate CSC and tumours have been established. Although most of them are still in the phase of preclinical in vitro and in vivo models, a number of potential cancer immunotherapies have reached a phase III clinical trials in the last 25 years [29] . Dendritic cells-based vaccination with the potential to boost cancer-specific effector T cells and target CSCs, like those for glioblastoma and melanoma, are either in preclinical in vitro phase [30, 31] or in clinical phase I or II [32, 33] . The only DC-based vaccine approved by the Food and Drug Administration (FDA) is Provenge for prostate cancer treatment. Adoptive transfer of tumour-specific T cells presents a direct delivery of effector cells, which accurately targets CSCs, and the development of this strategy for treatment of different tumours, like those for cervical, breast, colon, and lung cancer [34] [35] [36] [37] , is in preclinical in vivo phase. Monoclonal antibodies are, up to now, the most successfully used tumour immunotherapies. They have the capacity to inhibit signalling pathways activated by tumour cells in order to interfere with interactions between tumour and stroma [29] . In addition to a lot of antibodies used in preclinical and clinical trials, a few, like rituximab, cetuximab, trastuzumab, ipilimumab, used for treatment of solid and haematological tumours, were approved by the FDA. Besides conventional methods and the above-mentioned immunotherapeutic tools for tumour reduction that are still developing, a new angle in the treatment of malignancies has been opened. It was noticed that living organisms such as helminths and leeches contain molecules with antimicrobial and antineoplastic activity, which is in line with the opinion that the cure for a variety of diseases might be found in nature [38, 39] .
Infections caused by different pathogens, including parasites, have initially been recognised as risk factors for the development of malignancies, and 25% of human cancers are considered to be a consequence of chronic inflammation provoked by infection [40, 41] . Among the parasitic agents proven to be carcinogenic for humans are Schistosoma haematobium and Schistosoma japonicum, associated with the occurrence of bladder cancer and hepatocellular carcinoma [42, 43] , and Opisthorchis viverrini and Clonorchis sinensis associated with cholangiocarcinoma [44, 45] . In contrast to these data, there is a growing body of evidence that parasitic infections or application of parasite-derived proteins can suppress tumour growth. For example, infection with the malaria parasite has anti-tumour and anti-metastatic effects in a model of lung cancer [18] ; intratumoural injection of attenuated Toxoplasma gondii causes the regression of established melanoma [46] ; infection with Trypanosoma cruzi lowers the rate of colon cancer in rats [47] ; calreticulin from Trypanosoma cruzi has anti-tumour and anti-angiogenic properties [48] , and the anti-tumour activity of Echinococcus granulosus has been documented through the suppressive effect of human hydatid cyst fluid on the colon carcinoma growth [49] . The impact of T. spiralis infection, as well as crude antigens derived from this parasite, on the growth of solid tumours in vivo or malignant cell lines in vitro has been shown by a limited number of studies [10, 19] . Studies of anti-tumour mechanisms used by Trichinella are even more modest and cover only a small segment of immune response (the role of chemokines, increasingly expressed due to infection, in tumour regression) [15] . Our studies were focused on the impact of T. spiralis infection or its ES L1 products on tumour development and were conducted both in vivo and in vitro. ES L1 antigen was chosen since this muscle larva product influences the hosts' organism on a systemic level and for much longer period, compared to the antigens from other life cycle stages of Trichinella explored so far.
Chronic T. spiralis infection in animals, which preceded injection with melanoma cells, caused significant reduction in tumour size. These observations are consistent with the results of other authors who explored the impact of T. spiralis infection on tumour growth, starting with Molinari and Ebersole [19] , who demonstrated that mice with chronic T. spiralis infection survived for a significantly longer time and had smaller tumours after application of B16 melanoma cells, compared to animals that were not infected prior to the tumour induction. Our analysis of necrosis and apoptosis processes, as potential means of tumour growth suppression, revealed smaller necrotic surfaces in tumour tissue, in mice infected with T. spiralis and a low, although significant, increase in the level of apoptosis. Tumour necrosis, as a common solid tumour feature, appears as a consequence of rapid tumour growth and ischaemia of tumour tissue [50] . Increased intra-tumour necrosis correlates with the increased metastatic potential and bad prognosis [51] . It has already been described that tumour necrosis presents an adverse risk factor for the survival of patients with lung cancer, i.e. tumour necrosis correlates with the poor outcomes [52] . Also, high tumour necrosis is an indicator of bad prognosis in breast cancer [53] and in renal cancer [54] . Hence, the reduction of areas under necrosis within the tumours in animals with T. spiralis infection could be interpreted as a positive effect of the infection, which should favour the survival of mice with B16 melanoma and be considered as a promising prognostic factor. It seems reasonable to assume that T. spiralis chronic infection interferes with the solid tumour development by reducing the degree of necrosis, which implies a reduction in the metastatic potential and spreading of the tumour. In the early phase of tumour development, infection with T. spiralis successfully controls the degree of necrosis, keeping it at a level 4 times lower than in controls. Later on, the necrotic surfaces under the influence of T. spiralis infection, although significantly reduced compared to the controls, become much larger than in the previous stage of tumour development. The observed results indicate that necrosis cannot be considered as one of the primary mechanisms of T. spiralis action in modulation of tumour growth since the phenomenon of necrosis decrease provoked by Trichinella seems to be more temporary than permanent in character. Also, during the early tumour development phase, the level of tumour inflammation is reduced in infected animals, while in the later phase the inflammation degree becomes similar to that seen in the control group. It is reasonable to expect that only identification of immune cells at the site of inflammation will provide an answer to the role of the parasite in this process.
Evaluation of the impact of chronic T. spiralis infection on apoptotic process in melanoma in vivo revealed a low, but still significant, increase in the percentage of apoptotic cells in B16 melanoma in the earlier phase of tumour development (day 15), indicating that apoptosis could be a feature of T. spiralis-induced suppression of tumour growth, but cannot be regarded as an important mechanism of controlling the tumour development. It is known that different parasites have different impacts on apoptosis in tumours. In case of the parasite Schistosoma japonicum, apoptosis may be considered as one of the main ways in which the parasite's recombinant protein (rSj16) influences the tumour regression [55] . The malaria parasite (Plasmodium spp.), although affecting tumour growth suppression mainly by inducing potent innate and adaptive anti-tumour immunity, also induces increased apoptosis in tumour tissue [18] . On the other hand, calreticulin from Trypanosoma cruzi did not induce apoptosis, and its anti-tumour activity is attributed to a cytotoxic effect rather than an apoptotic one [48] . Since apoptosis is considered to be one of the main mechanisms employed by anti-tumour therapies and pro-apoptotic effect of parasite products seems promising in the sense of developing new therapeutic approaches, we examined also the cytotoxic and apoptotic potential of isolated T. spiralis ES L1 antigen in vitro on B16 melanoma cells.
Our results have shown that ES L1 antigen inhibited the survival of B16 melanoma cells in a dose-dependent manner while it did not affect the survival of healthy cells, indicating that ES L1 could influence either cell cycle or cell death. In regard to the impact of ES L1 on cell death, the obtained results demonstrated a mild pro-apoptotic effect of ES L1 on B16 melanoma cells in vitro. Trichinella spiralis ES L1 antigen triggers apoptosis through initiator caspase-8 and effector caspase -3, suggesting the induction of apoptosis through the outer pathway (death receptor activation). This is in agreement with the literature statements about the ability of T. spiralis to induce apoptosis during the establishment of the immuno-privileged place in the hosts' body (the nurse cell formation), but for this purpose Trichinella is using both outer and inner pathways [56, 57] .
Our findings only partially correlate with the results obtained by Wang et al. [10] , which demonstrated higher pro-apoptotic influence using antigens from two other life stages of T. spiralis (adult worm and new-born larvae crude extract) on two different cell lines (K562 and H7402). These authors also demonstrated that crude extract derived from adults and newborn larvae can slow or inhibit the development of tumours induced with different tumour cell lines (stomach cancer -MFC, hepatoma -H22, and sarcoma -S180). Given that the proportion of apoptotic cells in tumours from mice infected with T. spiralis was insufficient to explain the phenomenon of tumour growth suppression, as demonstrated in our in vivo experiment, the ability of ES L1 antigen to increase apoptosis in tumour tissue may be considered as less important mechanism, among other, yet unrevealed mechanisms in T. spiralis-induced modulation of the course of malignancies. Nevertheless, the fact that we and other authors succeeded in tumour growth suppression by T. spiralis infection indicates the possibility that products of T. spiralis contain an active component with an anti-tumour effect. Gong et al. [58] investigated the presence of myeloma-associated antigens in T. spiralis and they found that tropomyosin, a component of T. spiralis myofibrils, is the molecule they searched for, and that it has an anti-tumour effect as well as a role in eliciting cross-reactive immunity. Treatment of mice with T. spiralis crude antigens, ES L1 antigens, tropomyosin, and infection with 400 L1 larvae had very similar effect on tumour growth, i.e. all these treatments inhibited the development of myeloma SP2/0. Our findings are in agreement with the results of the above-mentioned authors, suggesting that components of ES L1 antigen that is produced during the chronic phase of infection with T. spiralis possess anti-tumour activity.
Studies on the potential of T. spiralis, as well as other parasites and their products, to reduce tumour growth are not yet numerous, and those that have been conducted are still in the experimental phase. Certainly, for any potential treatment of malignant diseases, in order to avoid the application of the whole parasite, which would be accompanied by various side effects and complications, particular molecules or components from parasite-derived products with the capacity to suppress tumour development and dissemination should be extensively studied and characterised. As it stands, application of parasitic antigens or their components as a therapeutic strategy for tumour targeting is still a long way from clinical trials.
In conclusion, chronic T. spiralis infection drastically decreases tumour volume and amount of necrosis in tumour, which might reflect on the reduction of metastatic potential. It also promotes apoptosis but at a level at which it cannot be considered as a major mechanism of controlling tumour development. Trichinella spiralis is able to supresses the development of B16 melanoma through the action of ES L1 antigens, a product characteristic for the chronic phase of this infection. In vitro studies revealed that ES L1 antigens possess anti-survival and pro-apoptotic effect on B16 melanoma cells; however, those are not key mechanisms of tumour suppression. Therefore, the mechanisms underlying the ability of this helminth to act in an anti-tumour manner will be revealed by future investigations.
